The mechanisms of neurovascular coupling underlying generation of BOLD fMRI signals remain incompletely understood. It has been proposed that release of vasoactive substances by astrocytes couples neuronal activity to changes in cerebrovascular blood flow. However, the role of astrocytes in fMRI responses remains controversial. Astrocytes communicate via release of ATP, and here we tested the hypothesis that purinergic signaling plays a role in the mechanisms underlying fMRI. An established fMRI paradigm was used to trigger BOLD responses in the forepaw region of the somatosensory cortex (SSFP) of an anesthetized rat. Forepaw stimulation induced release of ATP in the SSFP region. To interfere with purinergic signaling by promoting rapid breakdown of the vesicular and/or released ATP, a lentiviral vector was used to express a potent ectonucleotidase, transmembrane prostatic acid phosphatase (TMPAP), in the SSFP region. TMPAP expression had no effect on resting cerebral blood flow, cerebrovascular reactivity, and neuronal responses to sensory stimulation. However, TMPAP catalytic activity markedly reduced the magnitude of BOLD fMRI responses triggered in the SSFP region by forepaw stimulation. Facilitated ATP breakdown could result in accumulation of adenosine. However, blockade of A 1 receptors had no effect on BOLD responses and did not reverse the effect of TMPAP. These results suggest that purinergic signaling plays a significant role in generation of BOLD fMRI signals. We hypothesize that astrocytes activated during periods of enhanced neuronal activity release ATP, which propagates astrocytic activation, stimulates release of vasoactive substances and dilation of cerebral vasculature.
Introduction
fMRI has significantly advanced our understanding of the human brain. Yet despite widespread application of the fMRI method, the cellular and signaling mechanisms responsible for regional hemodynamic changes underlying generation of the BOLD fMRI signals remain poorly understood (Howarth, 2014) .
Astrocytes are ubiquitous glial cells that surround all cerebral blood vessels and are thought to provide an essential link between increased neuronal activity and changes in local cerebrovascular blood flow (neurovascular coupling) (Howarth, 2014) . Several studies have documented that heightened neuronal activity increases intracellular calcium concentration ([Ca 2ϩ ] i ) in neighboring astrocytes (Hirase et al., 2004; Nimmerjahn et al., 2004; Wang et al., 2006; Di Castro et al., 2011; Panatier et al., 2011; Lind et al., 2013) . When [Ca 2ϩ ] i in astrocytes is experimentally raised, changes in cerebral arteriole diameter follow (Mulligan and MacVicar, 2004; Takano et al., 2006; Gordon et al., 2008) . Moreover, astrocytic, but not neuronal, [Ca 2ϩ ] i responses were shown to correlate well with hemodynamic changes as demonstrated in a mouse model (Lind et al., 2013) , suggesting that Ca 2ϩ -dependent release of vasoactive substances by astrocytes mediates neurovascular coupling (Attwell et al., 2010; Howarth, 2014) . However, cerebrovascular responses and BOLD signals are preserved in transgenic mice lacking Type 2 IP 3 receptors (which mediate astroglial Ca 2ϩ responses triggered by activation of G qcoupled receptors) (Nizar et al., 2013; Bonder and McCarthy, 2014; Jego et al., 2014) , which argues against any significant role for astrocytes. To the contrary, the most recent data demonstrate that Ca 2ϩ signaling in astrocytic processes is fast enough to underlie functional hyperemia (Otsu et al., 2015) . Therefore, although there are strong reasons to believe that astrocytes play a role in linking enhanced neuronal activity with cerebrovascular responses and BOLD fMRI signals, more experimental evidence is needed.
An astrocyte has intricate processes that enwrap several neuronal somata and thousands of individual synapses (Bushong et al., 2002) . Astrocytes are highly sensitive to ATP, abundantly express ionotropic and metabotropic purinoceptors, and release ATP in response to a variety of stimuli (Coco et al., 2003; Gourine et al., 2010; Huckstepp et al., 2010) . Many nonexcitable cells communicate via release of ATP, and ATP is a major signaling molecule of astroglial communication (Bowser and Khakh, 2007; Torres et al., 2012) . We reasoned that, if astrocytes play a role in the mechanisms of neurovascular coupling, then blockade of ATP-mediated signaling should have a significant impact on BOLD responses.
In this study, an established stimulation paradigm (electrical forepaw) was applied in experimental studies conducted in anesthetized rats to determine whether ATP (1) is released and (2) contributes to the development of BOLD fMRI responses in the forepaw region of the somatosensory cortex (SSFP). Because astrocytes show abundant expression of many types of purinoceptors, our experimental strategy was not to block specific receptor(s), but to interfere with purinergic signaling altogether by promoting rapid breakdown of the vesicular and/or extracellular pools of ATP, ADP, and AMP in the SSFP region by virally driven overexpression of a potent ectonucleotidase, transmembrane prostatic acid phosphatase (TMPAP).
Materials and Methods
The experiments were performed in male Sprague Dawley rats in accordance with the European Commission Directive 86/609/EEC (European Convention for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes) and the United Kingdom Home Office (Scientific Procedures) Act (1986) with project approval from the Institutional Animal Care and Use Committee.
Anesthetized animal preparation. Rats were anesthetized with isoflurane (5%), and depth of anesthesia was assessed by the absence of a response to a paw pinch. The femoral artery and vein were cannulated for measurement of arterial blood pressure and administration of drugs, respectively. Alpha-chloralose was then administered (75 mg kg Ϫ1 , i.v.), and isoflurane was discontinued. The trachea was cannulated, the head was secured with tooth and ear bars, and the animal was ventilated with oxygen enriched air with a tidal volume of ϳ1 ml 100 g Ϫ1 of body weight and a ventilator frequency similar to the resting respiratory rate (ϳ65 strokes min Ϫ1 ). P aO2 , P aCO2 , and pH of the arterial blood were measured regularly and kept within the physiological ranges by altering tidal volume and/or ventilator frequency. The body temperature was maintained at 37.0 Ϯ 2°C. During biosensor recordings and fMRI imaging, the animal was paralyzed with gallamine triethiodide (50 mg kg Ϫ1 , i.v.; then 10 mg kg Ϫ1 h Ϫ1 , i.v.). ATP biosensor recordings. In six anesthetized rats (100 g), left and right SSFP regions were exposed following craniotomy and removal of dura mater. Dual recording configuration of an ATP biosensor (0.5 mm in length, 50 m in diameter; Sarissa Biomedical) and null biosensor (0.5 mm in length, 50 m in diameter) placed bilaterally in direct contact with the surface of the SSFP cortical area was used (coordinates from bregma: anteroposterior 0.4: Ϫ0.65; mediolateral 2.4: 3.2; dorsoventral Ϫ1.6: Ϫ1.0; see Fig. 1A ). The exposed area of the brain and both sensors were covered with PBS containing 2 mM glycerol (required for ATP biosensor operation) (Llaudet et al., 2005) . Unilateral forepaw stimulation (0.3 ms pulse width, 3 Hz, 3 mA 20 s) was applied using an electrical stimulator (Digitimer) controlled by a 1401 interface (Cambridge Electronic Design CED). Biosensors were connected to a potentiostat (Duostat ME200ϩ; Sycopel International), and biosensor currents were recorded using 1401 interface and Spike 2 software (CED). Sensors were calibrated with 10 M ATP at the beginning and the end of each experiment (see Fig. 1B ). The biosensors were covered with a permselectivity layer that reduces signals from nonspecific electroactive interferents. To assess the integrity of this layer, the sensors were tested using 10 M 5-HT (a potential electroactive interferent) before and after the recordings.
Lentiviral vector for TMPAP overexpression. To interfere with purinergic signaling, a lentiviral vector was generated to overexpresses TMPAP (Zylka et al., 2008) under the control of an elongation factor 1␣ (EF1␣) promoter. Generation of the vector (LVV-EF1␣-TMPAP-EGFP) and validation of TMPAP efficacy in blocking ATP-mediated communication between cultured astrocytes have been described in detail previously (Marina et al., 2013) . TMPAP is a transmembrane enzyme; and when inserted into a plasma membrane, the catalytic domain faces the extracellular space. It is also expected to be incorporated into the membranes of various vesicular compartments, with the catalytic domain facing the inside of the vesicle where the acidic environment should favor TMPAP catalytic activity. To determine whether TMPAP expression has an effect on purines, which accumulate inside astroglial vesicular compartments, cell cultures were transduced to express TMPAP or enhanced green fluorescent protein (EGFP) and loaded with a fluorescent ATP analog 2Ј,3Ј-O-(NЈ-methylanthraniloyl)-ATP (MANT-ATP). Primary astroglial cell cultures were prepared from the cerebral cortices of rat pups (P2-P3) of either sex as described in detail previously (Marriott and Ljungberg, 1995) and transduced with either LVV-EF1␣-TMPAP-EGFP or a control virus LVV-EF1␣-EGFP. MANT-ATP is an ATP analog where either the ribose 2Ј hydroxy or the 3Ј hydroxy group is esterified by the fluorescent methylisatoic acid and used for studying nucleotide-binding proteins, ATP stores, and mechanisms of ATP vesicular release (Sorensen and Novak, 2001; Kasymov et al., 2013) . Cell cultures were incubated with MANT-ATP (50 M) for 4 h in a DMEM supplemented with 10% FCS, washed, and then incubated for a further 3.5 h to allow compartmentalization of MANT-ATP. After loading, cultures were washed 5 times with Hanks balanced salt solution (137 mM NaCl, 5.4 mM KCl, 0.25 mM Na 2 HPO 4 , 0.44 mM KH 2 PO 4 , 1.3 mM CaCl 2 , 1.0 mM MgSO 4 4.2 mM NaHCO 3 , 10 mM HEPES, pH 7.4) and examined under a fluorescence microscope. MANT-ATP and EGFP fluorescence were excited at 405 or 488 nm and collected at 430 -480 nm or 500 -530 nm, respectively.
To promote rapid breakdown of the vesicular and/or extracellular pools of ATP, ADP, and AMP, the SSFP region was targeted to overexpress TMPAP (vector LVV-EF1␣-TMPAP-EGFP), whereas the contralateral SSFP area was transduced to express EGFP (vector LVV-EF1␣-EGFP). The promoter used in these vectors is not cell selective and was expected to be active in both astrocytes and neurons.
Viral gene transfer in vivo. Young adult rats (160 g) were anesthetized with a mixture of ketamine (60 mg kg Ϫ1 , i.m.) and medetomidine (250 g kg Ϫ1 , i.m.) and placed in a stereotaxic frame. The SSFP region was targeted bilaterally with 10 microinjections of viral vectors (LVV-EF1␣-TMPAP-EGFP, titre 3-4 ϫ 10 9 TU/ml; or LVV-EF1␣-EGFP, titre 3-5 ϫ 10 9 TU/ml) between the following coordinates: anteroposterior 0.4: Ϫ0.65; mediolateral 2.4: 3.2; dorsoventral Ϫ1.6: Ϫ1.0 (from bregma). After the microinjections, the wound was sutured and anesthesia was reversed with atipamezole (1 mg kg Ϫ1 ). Immediate postoperative care was given, and animals were left to recover for 14 -21 d before the experiments to ensure a stable and high level of transgene expression. The sides expressing TMPAP and EGFP were randomized between the animals and blinded for the analysis of fMRI, cerebral blood flow (CBF), and electrophysiology datasets.
fMRI imaging. The animal (transduced to express TMPAP and EGFP in the SSFP regions of the cerebral cortex) was anesthetized (induction 5% isoflurane, maintenance ␣-chloralose 75 mg kg Ϫ1 , i.v. bolus; supplemented with 30 mg kg Ϫ1 h Ϫ1 , i.v.), prepared and instrumented as described above, and then transferred to the MRI scanner bed. The head was secured, and the animal was ventilated with oxygen enriched air using an MRI compatible ventilator (CWE). Imaging was performed using a 9.4T Agilent horizontal bore scanner (Agilent). A 72 mm inner diameter volume coil was used for radio frequency transmission (Rapid Biomedical), and signal was received using a 4 channel array head coil (Rapid Biomedical). A high-resolution anatomical reference scan was acquired using a fast spin echo sequence (TR/TE eff ϭ 3100/48 ms, ETL ϭ 8, matrix size ϭ 256 ϫ 256, FOV ϭ 35 mm ϫ 35 mm, 30 slices, 1 mm slice thickness). fMRI BOLD-weighted images were acquired using a one or two shot gradient echo planar imaging sequences: TE/TR ϭ 15 ms/1500 ms, matrix size ϭ 64 ϫ 64, FOV ϭ 35 ϫ 35 mm (n ϭ 8) or 52.5 ϫ 52.5 mm (n ϭ 3), 8 slices, slice thickness ϭ 1 mm. The fMRI paradigm for each of the experiments was 120 s rest followed by 20 s bilateral forepaw stimulation (0.3 ms pulse width, 3 Hz, 1.5 mA) (Huttunen et al., 2008) repeated 3 times. This sequence was repeated 6 times for a total of 18 periods of 20-s-long stimulations. In 9 of the 11 rats, A 1 adenosine receptor antagonist 8-cyclopentyl-1,3-diproplyxanthine (DPCPX, 1 mg kg Ϫ1 ) was injected intravenously, and fMRI experiments were repeated. Forepaw stimulations were performed using two electrical stimulators (Digitimer) controlled by a 1401 interface (CED), which was triggered to the first echo planar image acquisition of each fMRI experimental sequence. The current delivered by each stimulator was measured before each the experiments to ensure identical stimulations of both paws. fMRI responses are highly sensitive to many factors, including blood pH, gas tensions, and the level of anesthesia (Austin et al., 2005; Franceschini et al., 2010) . To ensure identical conditions when fMRI responses were triggered in hemispheres expressing TMPAP and EGFP, simultaneous bilateral forepaw stimulation was applied.
CBF measurements. Measurements of CBF and cerebrovascular reactivity were performed using arterial spin labeling MRI. A separate cohort of rats was transduced to express TMPAP and EGFP in the SSFP regions. After 14 -21 d recovery period, the animals were anesthetized (induction 5% isoflurane, maintenance ␣-chloralose 75 mg kg Ϫ1 , i.v. bolus; supplemented with 30 mg kg Ϫ1 h Ϫ1 , i.v. infusion), instrumented as described above and then transferred to the MRI scanner bed. Baseline cerebral perfusion in the targeted area of the SSFP cortex was mapped using a flow sensitive alternating inversion recovery sequence with a 3 shot segmented gradient echo EPI readout (TE ϭ 5.8 ms, TR ϭ 5 s, TI ϭ 2 s, 3 slices, 1 mm slice thickness). Repeated arterial spin labeling images (acquired every 30 s) were captured for 10 min at baseline conditions, during 5 min of CO 2 challenge (5% CO 2 in the inspired gas mixture), and during a 5 min period of recovery. This experimental protocol was repeated three times for each animal. Maps of CBF were generated by fitting the data to the established model (Buxton et al., 1998) . The mean CBF within the SSFP cortical areas targeted to express TMPAP and EGFP was taken from manually drawn ROIs.
Electrophysiology. Electrophysiological recordings were performed to determine whether neuronal activity and neuronal responses to sensory stimulation are affected by TMPAP expression in the SSFP region. Rats were transduced to express TMPAP or EGFP in the SSFP region and prepared using the same surgical approach and monitoring of physiological variables as for the fMRI experiments. The animal was mounted on a stereotaxic frame and cortical surfaces were exposed bilaterally. The dura was pierced and a carbon fiber electrode (7 m tip diameter, 300 -500 k⍀, impedance measured at 1 kHz) was placed in the SSFP region using the following coordinates from bregma: anteroposterior 0 Ϯ 0.2; mediolateral 3.0 Ϯ 0.2; dorsoventral Ϫ1.0 Ϯ 0.2. Signals were amplified and filtered (bandpass 0.2-15 kHz with 50 Hz notch) using the NeuroLog system (Digitimer) before being digitized (1401 interface, CED) and recorded for offline analysis. Electrical stimulation was applied to a paw as described above while multiunit recordings were made in the contralateral SSFP. To determine the threshold of activation, the amplitude of stimulation was gradually reduced until no field potentials could be detected above the recording noise.
Immunohistochemistry. At the end of all the experiments, rats were transcardially perfused with saline (0.9% NaCl), followed by ice-cold PFA (4%). Brains were postfixed in PFA (4%) for 24 h, then cryoprotected in sucrose (30%) for 12 h, and serially sectioned (40 M) using a freezing microtome. Free-floating sections were washed in PBS and then incubated for 60 min in 0.3% Triton X-100 and 10% FBS followed by overnight incubation with primary antibodies (rabbit anti-GFAP, 1:1000, Dako; or mouse anti-NeuN [hexaribonucleotide binding protein-3] 1:1000, Millipore). Sections were then washed with PBS and incubated for 1 h at room temperature with secondary antibodies (antirabbit or anti-mouse antibodies conjugated to AlexaFluor-568, Invitrogen). Images were acquired using a fluorescent microscope (Zeiss Imager Z.1, Carl Zeiss).
Data analysis: fMRI. The high resolution anatomical reference scan was registered to a rat brain atlas (Schwarz et al., 2006) using Statistical Paramet- ric Mapping (SPM) (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) with the same transformation matrix applied to all fMRI images to map the functional data into the standard atlas space. The fMRI images were then flipped horizontally about the midpoint of the brain in the animals where TMPAP-expressing virus was injected in the right hemisphere (6 of the 11 rats), for consistent left-right location in the atlas space of the EGFP (right) and TMPAP (left) areas across all the 11 animals. ROIs were taken in the left and right SSFP regions, which are clearly delineated in the atlas, avoiding the need for manual ROI placement. MRI slice locations were chosen to match the stereotaxic coordinates of viral injections (see above) and the thickness (2 ϫ 1 mm) corresponded to the fMRI data acquisition and estimated area of transgene expression based on histological analysis. The mean BOLD signal within the SSFP ROIs was normalized for each animal and the mean signal change (%) from the baseline during 20 s forepaw stimulations was calculated for the TMPAP and EGFP-expressing areas of each subject. A Wilcoxon signed-rank test was used to evaluate the differences in BOLD responses evoked by forepaw stimulation in the TMPAP-and EGFP-expressing sides. In addition, SPM second level mixed-effects analysis was implemented to map the BOLD responses to forepaw stimulation. fMRI data were spatially and temporally smoothed (0.8 mm full half-width at maximum) and registered to the rat brain atlas. SPM contrast images were generated by first-level analysis of each subject's time series using an on/off regressor derived from the applied forepaw stimulus paradigm. Contrast images were flipped left/right about the midpoint for consistent TMPAP/EGFP expression sites between the animals. Mixed-effects group analysis was then performed to map regions of concordant BOLD responses to forepaw stimulation across all the animals ( p Ͻ 0.05, n ϭ 11, noncorrected). The same analysis was applied to the data obtained in 9 rats, which received DPCPX injections and underwent repeated imaging.
Results
ATP biosensors were placed in direct contact with the surface of the SSFP cortical area to determine whether ATP is released in response to forepaw stimulation (Fig.  1A ). An almost immediate release of ATP was detected within the contralateral SSFP region upon the onset of stimulation (Fig.  1C) that had a mean peak amplitude of 1.8 Ϯ 0.5 M (n ϭ 6; p ϭ 0.02; Fig. 1D ). Increases in ATP release were not observed in response to electrical stimulation of the ipsilateral paw (Fig. 1C,D) . These data indicate that the extracellular concentration of ATP in the cerebral cortex increases in response to activation of somatosensory pathways.
For further validation of TMPAP's efficacy, primary astroglial cultures were used to determine whether the catalytic activity of TMPAP has an effect on ATP accumulation within the putative secretory vesicular compartments. Cultured astrocytes not expressing TMPAP ( Fig.  2A) or transduced to express EGFP (Fig. 2B ) displayed abundant punctate fluorescence in the cytosol following incubation with MANT-ATP, which accumulates within the putative ATPcontaining organelles (mean fluorescence 1570 Ϯ 75 a.u; n ϭ 27 cells in 8 cultures). Astrocytes expressing TMPAP were devoid of MANT-ATP staining (mean fluorescence 324 Ϯ 22 a.u; n ϭ 21 cells in 7 cultures; p Ͻ 0.001; Fig. 2 A, C) , indicating that TMPAP activity effectively prevents accumulation of ATP within the intracellular vesicular compartments.
Injections of LVV-EF1␣-TMPAP-EGFP or LVV-EF1␣-EGFP resulted in widespread expression of the respective transgene in the SSFP region (Fig. 3 B, C) . The areas of expression were ϳ1 ϫ 2 ϫ 2 mm (Fig. 3 B, C) . Surprisingly, despite the use of a noncell-specific promoter (EF1␣), the morphology of transduced cells (Fig. 3 D, E) suggested mainly astroglial expression. Indeed, immunohistochemistry failed to identify any significant colocalization between NeuN (neuronal marker) and TMPAP (Fig. 3D) , whereas the majority of transduced cells displayed GFAP immunoreactivity (Fig. 3E) . Electrical forepaw stimulation reliably triggered biphasic BOLD fMRI responses in the SSFP region (Fig. 4 A, B) . In control conditions (EGFP expression), both positive BOLD response and poststimulus undershoot were observed (Fig. 4B) , which followed a typical temporal profile (Chen and Pike, 2009 ). Markedly reduced positive BOLD responses were recorded in the SSFP areas transduced to express TMPAP ( p ϭ 0.01; Fig. 4 ), indicating that TMPAP activity interferes with the mechanisms of neurovascular coupling underlying generation of BOLD fMRI signals.
TMPAP dephosphorylates ATP/ADP/ AMP and may lead to accumulation of adenosine (Zylka et al., 2008) . Thus, the observed reduction in BOLD response in the region of TMPAP expression could be confounded by adenosine accumulation and its actions on A 1 adenosine receptors, which generally suppress neuronal activity (Cunha, 2001 ). To block A 1 receptors, a potent A 1 adenosine receptor antagonist DPCPX was administered systemically (1 mg kg Ϫ1 , i.v.). At this dose, DPCPX is highly effective in blocking A 1 receptors in the CNS (Vollert et al., 2013) . Following DPCPX treatment, BOLD fMRI responses triggered by forepaw stimulation were reduced even further in the hemisphere expressing TMPAP ( p ϭ 0.004; Fig. 4B-D) , suggesting that the observed effect of TMPAP activity on BOLD response was due to the lack of ATP/ ADP/AMP and not adenosine accumulation following ATP breakdown. Forepaw stimulation-induced BOLD responses triggered in the SSFP regions expressing EGFP were unaffected by systemic blockade of A 1 adenosine receptors ( p ϭ 0.99).
TMPAP activity may result in a sustained reduction of the "ambient" level of extracellular ATP in the targeted area leading to altered resting blood flow (Kur and Newman, 2014) . Because the BOLD response is measured as a relative change, higher resting blood flow would be expected to truncate the recorded BOLD response due to a reduced capacity of cerebral vasculature to dilate further during functional hyperemia. Arterial spin labeling MRI was next used to quantify and determine whether resting CBF (a close correlate of vascular tone) and cerebrovascular reactivity (in response to a CO 2 challenge) are altered in the SSFP regions transduced to express TMPAP. The mean resting CBF was similar in the cortical SSFP regions expressing EGFP (0.68 Ϯ 0.08 ml g Ϫ1 min Ϫ1 ) and TMPAP (0.57 Ϯ 0.06 ml g Ϫ1 min Ϫ1 ; p ϭ 0.13; Fig. 5 ). These values of resting CBF are in agreement with that previously recorded in similar experimental conditions (rat under ␣-chloralose anesthesia) (Nakao et al., 2001) . Cortical regions expressing EGFP and TMPAP also displayed similar increases in CBF in response to CO 2 challenge (increases in CBF by 42 Ϯ 4 and 40 Ϯ 5%, respectively; p ϭ 0.44; Fig. 5 ), suggesting that both resting cerebrovascular tone and the ability of cerebral vasculature to dilate are not affected by TMPAP expression and activity.
Finally, to determine whether TMPAP expression had an effect on neuronal excitability and responsiveness to incoming sensory input, electrophysiological recordings were performed in the SSFP areas expressing TMPAP and contralateral regions expressing EGFP. Figure 6A shows the mean amplitude of multiunit activity occurring in response to forepaw stimulation in both hemispheres in all the animals (n ϭ 8), and Figure 6B shows the integrated data. No significant differences were found between the EGFP-and TMPAP-expressing cortical areas ( p ϭ 0.7). The activation threshold at which responses were evoked was also not different between the EGFP-and TMPAP-expressing SSFP regions ( Fig. 6C ; p ϭ 0.4). These data indicate that neuronal activity and neuronal responses to incoming sensory input are not affected by the catalytic activity of TMPAP.
Discussion
Precise cellular and signaling mechanisms underlying generation of BOLD fMRI signals remain unclear. Although the initial events clearly depend on neuronal activity, astrocytes are strategically positioned between neurons and cerebral blood vessels, providing an anatomical and functional neurovascular coupling interface. Indeed, the prevailing theory of neurovascular coupling that has dominated the field in recent years proposes that glutamate spillover from the synaptic clefts onto astrocytic perisynaptic processes is a key initial event that links increases in neuronal activity to changes in local cerebrovascular blood flow (Attwell et al., 2010) . Downstream events are hypothesized to involve Ca 2ϩ -dependent production of prostaglandins and epoxyeicosatrienoic acids (products of arachidonic acid metabolism) by astrocytes, leading to the dilation of cerebral vasculature (Attwell et al., 2010) . However, some of the recent evidence does not corroborate this theory.
For example, it appears that mature astrocytes (at least in mice) do not express the appropriate G q -protein coupled metabotropic glutamate receptors (Sun et al., 2013) , and blockade of these receptors has no effect on neurovascular coupling (Calcinaghi et al., 2009 ). Moreover, neurovascular coupling and BOLD fMRI responses are not affected in transgenic mice lacking the Type 2 IP 3 receptors, which mediate astroglial Ca 2ϩ responses to activation of G q -coupled receptors (Nizar et al., 2013; Bonder and McCarthy, 2014; Jego et al., 2014) . It has also been reported that astrocytic Ca 2ϩ responses are too slow to be responsible for the cerebral arteriole dilation (Nizar et al., 2013) , although other authors demonstrated that endfeet and somatic Ca 2ϩ elevations in astrocytes precede vascular changes (Lind et al., 2013) . The most recent evidence also supports the specific role for Ca 2ϩ signaling in the endfeet (Otsu et al., 2015) . The latter study demonstrated that Ca 2ϩ elevations in the astrocytic processes evoked by naturalistic stimuli precede the onset of functional hyperemia by 1-2 s, time sufficient to induce vasodilations when [Ca 2ϩ ] i elevations are triggered in the endfeet by flash photolysis (Takano et al., 2006) .
In the present study, we investigated the possible role of purinergic signaling in the mechanisms underlying generation of BOLD fMRI responses. We reasoned that, although ATP has never been implicated as an important transmitter between cortical neurons, it is, without doubt, the paramount signaling molecule that mediates communication between astrocytes. In addition to metabotropic P2Y receptors, astrocytes also express functional ionotropic P2X receptors (Pankratov et al., 2007) and, therefore, can display [Ca 2ϩ ] i responses to ATP independently from the recruitment of IP 3 -mediated pathway(s) (Illes et al., 2012) . By extension, blockade of purinergic signaling should reveal the role played by astrocytes in the mechanisms of neurovascular coupling.
First, we demonstrated that the extracellular concentration of ATP in the cerebral cortex increases in response to activation of somatosensory pathways. Because astrocytes express several types of purinoceptors, our subsequent experimental strategy was not to block specific receptor(s), but to interfere with purinergic signaling altogether by promoting rapid breakdown of the vesicular and/or extracellular pools of ATP, ADP, and AMP. Previously, we documented a powerful blocking effect of TMPAP on ATP-mediated Ca 2ϩ waves in cultured astrocytes (Marina et al., 2013) . Here we report that expression of TMPAP in astrocytes effectively prevents accumulation of ATP within the intracellular vesicular compartments. This mechanism appears to be particularly powerful because the acidic intravesicular environment should favor the catalytic activity of TMPAP. The forepaw region of the somatosensory cortex was transduced to express TMPAP and the activity of this enzyme effectively reduced the magnitude of the evoked BOLD fMRI responses. This reduction of BOLD magnitude was highly significant, whereas resting CBF, cerebrovascular reactivity, and neuronal responses to incoming sensory input were not affected. Experimental bias was minimized by blinding the investigators to the nature of the transgene, expressed in either side of the cortex.
Increased hydrolysis of ATP/ADP/AMP by TMPAP catalytic activity could raise the extracellular concentration of adenosine. Therefore, the reduced BOLD response in the TMPAP-expressing hemisphere could be explained by adenosine accumulation and adenosine-induced suppression of the neuronal activity. However, the results from our electrophysiological experiments demonstrated no major effect of TMPAP on the neuronal responses to sensory stimuli. Furthermore, systemic A 1 receptor blockade failed to restore the magnitude of BOLD response, suggesting that the observed effect of TMPAP activity on BOLD signal was not due to adenosine accumulation following facilitated breakdown of ATP and its products. The mean positive BOLD response measured in the hemisphere transduced to express EGFP was similar before and after systemic treatment with DPCPX, indicating that A 1 adenosine receptor antagonism alone has no effect on neurovascular coupling. Interestingly, almost complete blockade of the BOLD fMRI response was observed in the hemisphere expressing TMPAP when DPCPX was given systemically. These data are difficult to reconcile with the results of the study by Leithner et al. (2010) , which reported that a significant proportion of the BOLD response remains when known pathways hypothesized to be involved in neurovascular coupling are blocked pharmacologically. One possible explanation is that the experimental approach used in the present study targets upstream astrocytic mechanisms/ processes, which activate parallel known and unknown signaling pathways of neurovascular coupling.
The catalytic properties of TMPAP appear to be similar to that of a soluble and secreted form of the enzyme, prostatic acid phosphatase (PAP), although direct comparative analysis of the activities of both enzymes is not available. Despite its name (acid), PAP is active at physiological pH and displays a flat plateau of activity between pH 3 and pH 8 (Van Etten, 1982) . The substrate specificity of this enzyme is very wide; and although it seems to have preference to ADP and AMP (Zylka et al., 2008) , it is highly effective in preventing accumulation of ATP within the putative secretory vesicular compartments (present study) and in blocking the spread of Ca 2ϩ excitation between cultured astrocytes (Marina et al., 2013) , an effect consistent with blockade of ATPmediated signaling between these cells (Bowser and Khakh, 2007) . Rapid degradation of ADP may also be important because ADP is much more potent than ATP at P2Y 1 receptors (Léon et al., 1997) , the main metabotropic P2 receptor expressed by astrocytes (Fields and Burnstock, 2006) . There is evidence that ADP contributes to dilation of pial arteries through P2Y 1 receptor activation (Vetri et al., 2011) , which is relevant in the current context. Interestingly, in our experiments, most of the cortical cells transduced to express TMPAP appeared to have astrocytic morphology and displayed GFAP immunoreactivity. This is somewhat surprising given the nonselective nature of the promoter used (EF1␣). Nevertheless, this probably was a positive factor because astrocytic endfeet fill all the smallest gaps between neurons and enwrap all the blood vessels, making this experimental approach particularly effective. However, the specific step at which TMPAP activity disrupts neurovascular coupling may not be identified from these experiments. There is evidence that ATP may be released (along with glutamate) at central synapses (Pankratov et al., 2007; Gourine et al., 2008) . Release of ATP from axons via volume-activated channels has also been documented (Fields and Ni, 2010) . Functional coupling between neuronal and astroglial activities may also occur via local decreases in extracellular [Ca 2ϩ ], which, via opening of connexin hemichannels, lead to the release of ATP (Torres et al., 2012) . Therefore, TMPAP activity could suppress ATP-mediated neuron-to-astrocyte signaling or ATP-mediated spread of Ca 2ϩ excitation among astroglial networks. Both would be expected to have an effect on astrocytic release of vasoactive substances, resulting in compromised vascular responses and hence smaller BOLD fMRI signals.
It is also possible that ATP is involved in communication between astrocytes and the blood vessels. The role of purinergic signaling in the control of vascular tone has been previously investigated in the retina (Metea and Newman, 2006) . More recently, it was shown in vivo that tonic ATP release maintains retinal vascular tone, via activation of P2X 1 receptors on smooth muscle cells (Kur and Newman, 2014) . Another study examined the role of ATP and ATP breakdown products in the mechanisms of pial arteriolar dilation (Vetri et al., 2011) and demonstrated that ADP, AMP, as well as adenosine contribute to neural activity-dependent pial arteriolar dilation (Vetri et al., 2011) . Thus, it appears that ATP and all products of extracellular ATP hydrolysis are vasoactive and may contribute to the cerebrovascular responses triggered by enhanced neuronal activity.
In conclusion, the results of the present study suggest that purinergic signaling plays an important role in the mechanisms underlying generation of BOLD fMRI responses. Our hypothesis is that ATP released by astrocytes during periods of enhanced neuronal activity acts as a paracrine/autocrine signal amplifier to trigger release of vasoactive substances responsible for the dilation of cerebral vasculature. Concurrent with the recent data obtained in the retina (Kur and Newman, 2014), we propose a fundamental physiological role for purinergic signaling in local activity-dependent regulation of cerebrovascular tone.
Limitations
In this study, the mechanisms underlying generation of BOLD fMRI responses were studied in rats under ␣-chloralose anesthesia. There is evidence that certain anesthetics (ketamine/xylazine, isoflurane, and urethane) may selectively disrupt astrocytic calcium signaling (Thrane et al., 2012) . Assuming ␣-chloralose has the same effect, it is possible that astrocytic calcium signaling is affected under the anesthetic conditions used in this study. While anesthesia is known to have an impact on the magnitude of the evoked BOLD responses (Franceschini et al., 2010; Masamoto and Kanno, 2012) , neurovascular coupling has been found to be robustly maintained when ␣-chloralose is used to maintain general anesthesia (Ueki et al., 1992; Masamoto and Kanno, 2012) . In the present study we demonstrate release of ATP (primary signaling molecule of astrocytes), BOLD fMRI responses and intact cerebrovascular responses to CO 2 in the somatosensory cortex of ␣-chloralose-anesthetized rats allowing study of the fundamental mechanisms underlying the role of astrocytes in the mechanisms of neurovascular coupling. Finally, the experiments described in this report investigated the mechanisms of BOLD fMRI responses in the cerebral cortex. These findings may not necessarily translate to other brain regions considering that the signaling mechanisms of neurovascular coupling may be different in different parts of the CNS (Sloan et al., 2010) .
